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a b s t r a c t
The present study investigatedmorpho-functional relations of the aortic depressor nerve (ADN) 5, 15 and
120days after the onset of streptozotocin-induceddiabetes in rats. Time control animals received vehicle.
Under pentobarbital anesthesia, ADN activity was recorded simultaneously with arterial pressure. After
the recordings, nerves were prepared for light microscopy study and morphometry. ADN function was
accessed by means of pressure-nerve activity curve (ﬁtted by sigmoidal regression) and cross-spectral
analysis between mean arterial pressure (MAP) and ADN activity. The relation between morphological
(myelinated ﬁbers number and density, total myelin area, total ﬁber area and percentage of occupancy)
and functional (gain, signal/noise relation, frequency) parameters were accessed by linear regression
analysis and correlation coefﬁcient calculations. Functional parameters obtained by means of the sig-
moidal regression curve as well as by cross-spectral analysis were similar in diabetic and control rats.
Morphometric parameters of the ADN were similar between groups 5 days after the onset of diabetes.
Average myelin area and myelinated ﬁber area were signiﬁcantly smaller on diabetic rats 15 and 120
days after the onset of diabetes, being the myelinated ﬁber and respective axons area and diameter also
smaller on 120 days group. Nevertheless, G ratio (ratio between axon and ﬁber diameter) was nearly 0.6
and not different between groups or experimental times. No signiﬁcant relationship between morpho-
logical and functional parameters was detected in all experimental groups. The present study suggests
that ADN diabetic neuropathy was time-dependent, with damage to myelinated ﬁbers to be the primary
hysioevent, not evidenced by p
. Introduction
A common complication of diabetes mellitus is peripheral neu-
opathy that canaffect both the somatic and the autonomicnervous
ystem (Niakan et al., 1986; Vinik and Mitchell, 1988). It is char-
cterized by Schwann cell injury, myelin degeneration, and also
xonal damage. Diabetic autonomic neuropathy profoundly alters
isceral reﬂexes, and is associatedwithmorbidity andpoorprogno-
is (Vinik et al., 1992). The degree of neuropathy can be determined
y three parameters: clinical functional tests, electro-physiological
esting and histological–morphometrical investigations. A num-
er of studies have demonstrated that early nerve conduction
elocity abnormalities in diabetic rats reﬂect, primarily, dysfunc-
ion in large diameter myelinated motor and sensory ﬁbers. The
ortic depressor nerve is known to contain primarily barorecep-
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tor axons (Fan and Andresen, 1998) being its electrophysiological
characteristics conspicuously examined and its normal morpho-
logical aspects described in few studies (Andresen et al., 1978;
Fazan et al., 1997). The relations between structural variables
in myelinated nerve ﬁbers have interested neuroanatomists for
more than a century (Berthold and Rydmark, 1995) and differ-
ent morphometric ratios or correlations allows discriminating the
pathological condition of a peripheral nerve from a morphologi-
cally physiologically intact nerve (Lindemuth et al., 2002; Scharpf
et al., 2003). Baroreceptor function has been studied in single ﬁbers
(Reynolds et al., 1994) and in multiple ﬁbers (McDowell et al.,
1994) preparations of the ADN in diabetic animals, with no alter-
ation of baroreceptor activity. On the other hand, recent studies
of cross-spectral analysis of arterial pressure and baroreceptor
activity associated with morphological analysis provided evidence
that the ADN exhibited reduced sensitivity during arterial pressure
oscillations and that axonal atrophy occurred in the early stage (15
days) of streptozotocin-induced diabetes mellitus (Salgado et al.,
2001). Unfortunately, little is known about alteration of baroreﬂex
function and morphological aspects of the ADN, and how they cor-
relate, in different stages in the streptozotocin (STZ) treated rat, a
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Fig. 1. Semi-thin cross section of the aortic depressor nerves (ADN) from control (A, B and C) and diabetic (D, E and F) rats after 5 days (A and D), 15 days (B and E) and
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ommonly animal model of insulin-dependent diabetes mellitus.
lthough previous functional studies have demonstrated no alter-
tion of aortic baroreceptor function in acute and chronic diabetic
atswhilemorphological studies have demonstrated neuropathy, a
etailedmorpho-functional studyof theADNhasnotbeen reported
n different phases of diabetes. Therefore, in the present study, it
as combined functional and morphometric techniques to exam
ossible alterations of the ADN of diabetic rats 5, 15 and 120 days
fter the onset of STZ-induced diabetes.
. Material and methods
Experiments were performed in male Wistar rats, from the
chool of Medicine of Ribeirão Preto animal care facility, weighing
80–200g at the beginning of the experiments, housed in cages
ith free access to tap water and rat chow throughout the experi-
ents. Diabeteswas induced by a single injection of STZ (50mg/kg;
igma Chemical Co., St. Louis, MO, USA) into the penile vein, under
ther anesthesia, after an overnight fasting. Control rats received
ehicle (0.01mol/L citrate buffer, pH 4.5) injected into the penile
ein. Control and diabetic rats were studied after 5, 15 and 120
ays after injections. Nonfasting blood glucose (mg/dL) was deter-
ined by means of a glucose analyzer (Beckman Instruments Inc.,
rea, CA, USA) at the time of the experiments. All experimental pro-
edures adhered to the Guide for the Care and Use of Laboratory
nimals prepared by the National Academy of Sciences and pub-
ished by theNational Institutes of Health (Copyright© 1996 by the
ational Academy of Sciences), and were approved by the Institu-
ional Ethics Committee for Animal Research (CETEA–Comitê de
tica em Experimentac¸ão Animal, protocol number 220/20057).
ffort was done to minimize the number of animals used.
On the day of experiments, control and diabetic (N=6 per
roup) rats at 5 days, control (N=8) and diabetic (N=6) rats at
5 days and control (N=12) and diabetic (N=9) rats at 120 days
fter the injections were anesthetized with sodium pentobarbital
40mg/kg, i.p.) and catheters were inserted into the right carotid
rtery formeasurements of arterial pressure (AP), and into the right
emoral artery and vein for withdrawal and reinfusion of blood and
rug administration, respectively. Recordings of arterial pressure
nd ADN activity were performed as previously described (Fazan
t al., 1999; Carmo et al., 2007). Baroreceptor function assessmented, enveloped by a well deﬁned perineurium. The endoneural space contains small
nerves present unmyelinated ﬁbers (U) clustered at the periphery of the fascicles.
ers with thin myelin sheaths (arrows) are easily identiﬁed. Toluidine blue stained.
through a non-linear sigmoidal regression curve was performed
(Carmo et al., 2007) and the slope of the curve was obtained,
as were the mean arterial pressure (MAP) at 50% of ADN activ-
ity range, the MAP threshold for baroreceptor activation and the
MAP corresponding to saturation of the discharges. In order to
apply cross-spectral analysis to estimate baroreceptor sensitivity,
small rhythmic oscillations (0.3Hz) were artiﬁcially applied in the
AP as described elsewhere (Carmo et al., 2007). ADN activity was
integrated (by voltage) every pulse interval and normalized as a
function of the basal activity (basal = 100%). Beat by beat series of
MAP and integrated ADN activity were submitted to cross-spectral
analysis (Carmo et al., 2007). After the electroneurographic record-
ings, distal segments (close toaortic arch)of theADNwereprepared
for light microscopy study and automatic computer morphome-
try as previously described (Fazan et al., 1997, 1999, 2005, 2006).
Brieﬂy, approximately 2.0 cm of the nerve was removed and ﬁxed
overnight in a 2.5% glutaraldehyde solution. Proximal and distal
segments were post-ﬁxed in 1% OsO4 in cacodylate buffer solution
and dehydrated in graded ethanol. After epoxy resin embedding,
nerves were cut transversally. Semithin transverse sections of the
fascicleswere stainedwith 1% toluidine blue and observedwith the
aid of an Axiophot photomicroscope (Carl Zeiss, Jena, Germany).
The images were sent via a digital camera (TK-1270, JVC, Victor
Company of Japan Ltd., Tokyo, Japan) to an IBM/PC where they
were analyzed. For the study of myelinated ﬁbers, the endoneural
space was observed with an optical set including an oil immersion
lens (100×), optovar (1.6×), camera (0.5×) and an 8× computer-
ized magniﬁcation which provided images with good resolution
for morphometry (Fig. 1).
Morphometric parameters evaluated for each ADN were myeli-
nated ﬁber total number and density, the area and diameter of each
myelinated ﬁber and corresponding axon as their average myelin
sheath area and G ratio (ratio between the axon and myelinated
ﬁber diameters – a measure of degree of myelination) (Rushton,
1951), the total area of the myelin per fascicle, the total myeli-
nated ﬁber area per fascicle and the myelinated ﬁber percentage of
occupancy (Jeronimo et al., 2005).
For data analysis, values are reported as means± standard error
of mean (SEM). All variables were tested for normal distribution by
the Kolmogorov–Smirnov test and compared between control and
diabetic rats by the unpaired Student’s t-test when a normal distri-
32 J.M. do Carmo et al. / Journal of Neuroscience Methods 195 (2011) 30–35
Table 1
Body weight, glycemia, mean arterial pressure (MAP) and heart rate (HR) of controls and diabetic rats, 5, 15 and 120 days after injection.
Groups Body weight (g) Glycemia (mg/dL) MAP (mmHg) HR (bpm)
Control Diabetic Control Diabetic Control Diabetic Control Diabetic
5 days 284 ± 5 247 ± 3* 104 ± 22 354 ± 42* 138 ± 4 120 ± 5* 419 ± 7 351 ± 16*
15 days 322 ± 8 278 ± 20* 131 ± 6 352 ± 38* 130 ± 3 99 ± 11* 344 ± 11+ 279 ± 24*,+
120 days 568 ± 7+,# 258 ± 27* 89 ± 7# 446 ± 39* 146 ± 4# 131 ± 5*,# 355 ± 10 288 ± 8*,+
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Data expressed as mean± standard error of mean (SEM).
* Signiﬁcant difference compared to controls.
+ Signiﬁcant difference compared to 5 days group.
# Signiﬁcant difference compared to 15 days group.
ution was found. Otherwise, parameters in different groups were
ompared by the non-parametric Mann–Whitney test. Morpho-
etric parameters were compared between controls or diabetic
nimals in different experimental times by the one way analysis of
ariance (ANOVA) followed by post hoc test of Holm–Sidak for nor-
ally distributed data. Otherwise, the one way analysis of variance
ANOVA) on ranks, followed by post hoc test of Dunn was per-
ormed. The relationship betweenmorphometric (myelinated ﬁber
umber anddensity, totalmyelin area per fascicle, totalmyelinated
ber area per fascicle, percentage of occupancy) and functional
arameters (signal/noise ratio, gain and range obtained by the
igmoidal relationship and gain obtained by the cross spectral anal-
sis) were investigated by plotting the data on scatter diagrams
nd ﬁtting a regression line by the least squares method for the
lotted data (Fazan et al., 2005). Correlation coefﬁcients (r2) were
alculated for each regression and a powerful relation between
arameters was considered when r2 >0.7. Differences were con-
idered signiﬁcant when p<0.05.
. Results
Body weight, plasma glucose levels, MAP and heart rate (HR)
or control and diabetic animals are shown in Table 1. Diabetic rats
resented a remarkable hyperglycemia 5, 15 and 120 days after
he onset of diabetes, associated with a decrease of body weight,
ompared to controls. In addition, diabetic rats showed reduced
asal MAP and HR compared to control rats. Control rats gained
eight along the experiments, with the 120 days rats presenting
ody weight signiﬁcantly higher compared to 5 days and 15 days
roups. No differences for the body weights between the diabetic
roups were found. A signiﬁcant difference was observed on the
lood glucose levels between 15 and 120 days control groupswhile
o differences were observed between diabetic groups. Also, MAP
as signiﬁcantly higher on 120 days animals compared to 5 and
5 days, on both control and diabetic rats. On the same way, HR
as higher on 5 days animals compared to 15 and 120 days, also
n both control and diabetic rats.
Myelinated ﬁber number and density, total myelin area, total
yelinated ﬁber area and the myelinated ﬁber percentage of occu-
able 2
yelinated ﬁber number and density (ﬁber/mm2), myelin total area per fascicle and mye
fter injection.
Groups Myelinated ﬁber number Myelinated ﬁber density (ﬁbers/mm
Control Diabetic Control Diabetic
5 days 66 ± 9 83 ± 10 0.102 ± 0.011 0.088 ± 0
15 days 79 ± 10 82 ± 16 0.096 ± 0.007 0.123 ± 0
120 days 88 ± 6 84 ± 9 0.065 ± 0.007+,# 0.101 ± 0
ata expressed as mean± standard error of mean (SEM).
* Signiﬁcant difference compared to controls.
+ Signiﬁcant difference compared to 5 days group.
# Signiﬁcant difference compared to 15 days group.pancy data are shown in Table 2. No differences were observed on
the myelinated ﬁber number, either between groups in all experi-
mental times or on the same group, between times. No differences
were also found between groups 5 and 15 days after the onset of
diabetes for the other parameters evaluated. Nevertheless, diabetic
rats after 120 days of STZ injection showed a remarkable reduction
of the myelin total area and the myelinated ﬁber total area when
compared to the controls. Also, these animals showed an increase
on the myelinated ﬁber density, when compared to controls. The
comparison between the experimental times showed, for the con-
trols, an increase of the myelin total area and the myelinated ﬁber
total area on 120 days group compared to 5 and 15 days, with no
difference between these two groups. The myelinated ﬁber density
decreased on 120 days group compared to 5 and 15 days, with also
no difference between these two groups.
Average area and diameter of each myelinated ﬁber and corre-
sponding axons for all experimental groups are shown in Table 3.
No signiﬁcant differences were observed when controls and dia-
betic rats were compared on groups 5 and 15 days after injections.
Nevertheless, on 120 days after injection groups, the evaluated
parameterswere signiﬁcantly smaller ondiabetic rats, compared to
controls. The comparisons between experimental times on control
groups showed signiﬁcant differences between 5 days and 15 days,
compared to 120 days after injection for all parameters evaluated,
being themyelinatedﬁbers and respective axonson120days group
larger than the other two groups. No difference between 5 and 15
days after injection groupswere observed. Among the diabetic rats,
no signiﬁcant differences were observed between experimental
times. TheG ratiowasnotdifferent eitherbetweengroupsor exper-
imental times, while the average myelin sheath area was larger on
15 days after injection control group, compared to diabetic.
More than 100 morpho-functional correlations were investi-
gated on the present study. Figs. 2 and 3 show examples of the
scatter plot diagrams and the regression lines and respective cor-
relation coefﬁcients (r2) obtained for eachplot. Thehighest r2 (0.63)
was obtained for the relation betweenﬁber number and cross spec-
tral analysis gain, on the 5 days STZ-treated rats. Nevertheless, r2
values were usually very small and, in some cases, close to zero for
the investigated correlations.
linated ﬁber total area per fascicle of controls and diabetic rats, 5, 15 and 120 days
2) Myelin total area (m2) Myelinated ﬁber total area (m2)
Control Diabetic Control Diabetic
.007 120 ± 22 131 ± 10 189 ± 32 226 ± 22
.028 168 ± 20 118 ± 25 263 ± 30 200 ± 47
.015* 312 ± 23+,# 165 ± 33* 487 ± 37+,# 272 ± 54*
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Table 3
Average myelinated ﬁber area and diameter and average axon area and diameter of controls and diabetic rats, 5, 15 and 120 days after injection.
Groups Myelinated ﬁber area (m2) Myelinated ﬁber diameter (m) Myelinated axon area (m2) Myelinated axon diameter (m)
Control Diabetic Control Diabetic Control Diabetic Control Diabetic
5 days 2.93 ± 0.14 3.00 ± 0.11 1.63 ± 0.03 1.66 ± 0.04 1.09 ± 0.06 1.24 ± 0.08 0.96 ± 0.03 1.03 ± 0.04
15 days 3.53 ± 0.24 2.77 ± 0.44 1.76 ± 0.05 1.57 ± 0.14 1.29 ± 0.11 1.12 ± 0.20 1.01 ± 0.04 0.97 ± 0.10
120 days 5.76 ± 0.27+,# 3.22 ± 0.35* 2.29 ± 0.06+,# 1.72 ± 0.10* 2.06 ± 0.11+,# 1.26 ± 0.15* 1.31 ± 0.04+,# 1.03 ± 0.07*
Data expressed as mean± standard error of mean (SEM).
* Signiﬁcant difference compared to controls.
+ Signiﬁcant difference compared to 5 days group.
# Signiﬁcant difference compared to 15 days group.
Fig. 2. Scatter diagrams of signal/noise vs. percentage of the fascicular area occupied by the myelinated ﬁbers (% of the fascicular area) on ADN of control and diabetic rats
5, 15 and 120 days after injections, together with the regression lines. Note that the correlation coefﬁcient (r2) values are too small and there is no relation between the
parameters investigated.
Fig. 3. Scatter diagrams of gain (% basal) obtained by cross-spectral analysis vs. ﬁber total area per fascicle (m2) on ADN of control and diabetic rats 5, 15 and 120 days after
injections, together with the regression lines. Note that the correlation coefﬁcient (r2) values are too small and there is no relation between the parameters investigated.
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. Discussion
The present study investigated the morphological and func-
ional relationship of the ADN on normal (controls) and
xperimentally induced diabetic rats, using modern methodolo-
ies previously described (Silva et al., 2007; Carmo et al., 2007) but
ombined for the ﬁrst time, for both approaches.
High blood glucose levels, associated with loss of weight, poly-
ipsia and polyuria conﬁrmed the efﬁcacy of STZ to elicit diabetes
n rats. In addition, basal levels of HR and MAP were reduced
n diabetic rats, conﬁrming previous results from our laboratory
Fazan Jr et al., 1997, 1999; Fazan et al., 2006; Carmo et al.,
007). Baroreceptor function was found preserved by both func-
ionalmethodsevaluated in thepresent study.Nevertheless, results
btained with morphometry showed clear signs of diabetic neu-
opathy, characterized by a reduction of the total myelin area per
ascicle, total myelinated ﬁber area per fascicle, average myeli-
ated ﬁber area and diameter, and average myelinated axon area
nd diameter. These observations appeared on 15 days after injec-
ion animals, with no signiﬁcant difference compared to controls
see Tables 2 and 3) but turned to be remarkably and signiﬁcant
educed on animals 120 days after the injection. These results are
ompatible to previous results from our laboratory (Fazan et al.,
006) with the additional information that the diabetic neuropa-
hy of the ADN is time dependent, since the 5 days after injection
roup had no morphological alterations, which appeared on 15
ays after injection animals and were absolutely evident on 120
ays animals. Morphometric differences observed on control rats,
etween experimental times were compatible with nerve growth,
s observed previously for other nerves (Thomas et al., 1980;
eronimo et al., 2005). It is important to mention that the fascicular
rea grew following the rats gain of weight and that there was no
ifference between groups indicating that, although diabetic rats
id not gain weight as the controls, the nerve fascicles were able
o grow satisfactorily. This strongly suggests that the SZT-model of
iabetes altered the myelinated ﬁbers, independently of the ani-
al growth impairment (Rodrigues Filho and Fazan, 2006). Also, in
he present study, all control and experimental groups presented
ratios nearly 0.6. It is well known (Schröder, 1972; Zheng et al.,
002) that the number of myelin lamellae and the thickness of the
yelin sheath increase with enlargement of the axonal diameter.
his relationship (G ratio) is of considerable interest due to its rel-
vance for the mechanism of salutatory conduction in myelinated
bers. Rushton (1951) found that when G ratio reached 0.6, the
ndex is theoretically optimal for the spread of current from one
ode of Ranvier to the next. The G ratio of 0.6 found in all groups
f the present study might explain, at least in part, the preserved
aroreceptor function in diabetic animals. Atrophy of myelinated
bers might have occurred at the same degree in both axon and
yelin sheath, which might explain why these ﬁbers had no alter-
tion of the G ratio in diabetic rats after 120 days after injection,
ompatible to ﬁndings of Bestetti et al. (1981) on STZ-induced
iabetic rats for 12 months. It is widely known that myelinated
bers of different diameters have different conduction velocities,
ven if they have similar G ratios. The ADN myelinated ﬁbers are
ainly small ﬁbers (less than7mindiameter) (Fazan et al., 1997).
onsidering that early nerve conduction velocity abnormalities in
iabetic rats reﬂect, primarily, dysfunction in large diametermyeli-
ated ﬁbers, one should consider that our functional approach
whole nerve recordings) was not capable of detecting functional
hanges in ﬁne ﬁbers such as those in the ADN.For the acute diabetic animals, alterations suggestive of
emyelination were present, since the average myelin sheath area
as larger in controls, in line with previous reports (Fazan et al.,
006). Nevertheless, our functional approach was not sensitive
nough to demonstrate these changes.ience Methods 195 (2011) 30–35
It is well known that the conduction velocity of a myelinated
ﬁber depends on variousmorphometric parameters, being the ﬁber
diameter one of the most sensitive (Moore et al., 1978), while the
axon diameter is thought to be most important one (Minwegen
andFriede, 1984).Despite thiswell knownrelationship, conduction
velocity and other functional studies, together with morphomet-
ric investigation of the ﬁbers were performed on single (teased)
baroreceptor ﬁber studies (Brown et al., 1976) and little or no infor-
mation is available on multiple ﬁber recording studies.
Thenon-linear sigmoidal regressioncurve is a classical approach
for the baroreceptor function assessment, not only in normal sit-
uation (Andresen and Yang, 1989; Fazan et al., 1997) but also
on pathological conditions in which the baroreceptor function is
known to be impaired, such as hypertension (Sapru and Wang,
1976; Andresen et al., 1978; Sapru and Krieger, 1979; Fazan et al.,
1999) and diabetes (Fazan Jr et al., 1997). More recently, the
cross-spectral analysis was introduced as a powerful tool for the
baroreceptor function assessment, including the baroreﬂex sen-
sitivity, with the advantage of using non-invasive arterial blood
pressure and heart rate measurements (La Rovere et al., 2008). This
analysis results can be used as prognostic indicators for a range of
diseases (Smithet al., 2008), including theconsequencesofdiabetes
for several heart conditions.
The present studywas performedwithmultiple ﬁber recordings
of the baroreceptor ﬁbers and an attempt to correlate functional
parameters, obtained by means of two commonly used meth-
ods to access the barorecpetor function and the morphometric
parameters of the ADNwas done. Despite thewide range of param-
eters investigated and the large number of correlations performed,
no signiﬁcant relationship between morphological and functional
parameters was obtained with the present approach.
5. Conclusions
This is the ﬁrst attempt to correlate morpho-functional param-
eters of the ADN (multiple ﬁber approach) in normal and
pathological conditions. Despite the evident morphological alter-
ations of the nerves due to experimental diabetes, the functional
approach for multiple ﬁber recordings was not sensitive enough to
discriminate the alterations between groups.
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